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Mechanism of Augmented Premature Responses in Canine Ventricular Muscle
HlROYUKI IlNUMA AND KAZUZO KATO SUMMARY In an effort to determine the mechanism inducing paradoxical augmentation of the very premature action potential (AP), we performed the folio-wing experiments. Premature stimuli (Si) were applied to isolated canine ventricular muscle at variable intervals after every 10th to 15th driving stimulus (Si) at 0.5-1 Hz. Action potentials (Ri and Ri) elicited by Si and Si of equal strength and duration were recorded by conventional microelectrode methods. Measurements were made of the amplitude (Amp), duration (APD), plateau area (PA), and nunrimnm rising velocity (V ra ) of each AP and the proximity (P), the interval from 90% repolarization point of Ri to Si. In normal K + solution, Rj had a greater plateau area (PAi) than Ri at P less than 300 msec Moreover, PA » increased progressively with decreasing P at [Ca 1 *], of 0.4, 1.6, and 6.4 DIM and reached its maximum at P of 40-90 msec. The maximum APA [(PA j -PA t )/PAi x 100] was estimated at 15 ± 9, 28 ± 6, and 61 ± 11% at each [Ca t+ lo, which showed that APA increased significantly (P < 0.01) as the [Ca 1 *], was increased. Verapamil (10"' M) suppressed completely this augmentation in the plateau of the premature AP. In addition, experiments in high K + (21 mM)-high Ca* + (6.4-10 nm) solutions revealed that the Amp, APD, and Vrnn of Ri were greater than those of Ri. They progressively increased with a reduction of the SiSi interval, just as did the plateau of the premature AP at normal [K + ]o-These findings suggest that augmented Ca 1 *-influx may be triggered by a very premature depolarization in canine ventricular muscle, in contrast to the prevailing concept that recovery from inactivation of the Ca** current is delayed in mammalian heart muscle. Circ Ret 44: 1979 IT IS well known that durations of action potentials in cardiac muscle are dependent on preceding diastolic intervals and heart rate. However, when the cycle length of stimulation is abruptly reduced, paradoxical prolongation of action potentials (AP's) and plateau durations has been noticed in the ventricular muscle of dogs (Hoffman and Suckling, 1954; Edmands et al., 1966; Miller et al., 1971; Iinuma and Kato, 1978b) , rabbits (Gibbs and Johnson, 1961) , cats (Bass, 1975) , and sheep (Cohen et aL, 1976) . Although some authors reported that changes in inward Ca 2+ current might occur in such premature responses (Bass, 1975; Hiraoka and Sano, 1976) , the underlying mechanism of this paradoxical prolongation still remained to be elucidated.
Recently, we studied the effect of the extracellular Ca 2+ concentration ([Ca 2+ ] o ) and verapamil on the premature AP and obtained findings that suggest enhanced Ca 2+ -influx in very premature depolarizations. In addition, a study has been made of the responses to premature stimulation of the Ca 2+ -dependent AP (Tritthart et al., 1973) . The purpose of this report is to present the results of these studies and to discuss the possible contribution of increased Ca 2+ -influx to the paradoxical augmentation of the premature AP.
Methods
The Effect of [Ca* + 1> and Verapamil on the Premature AP A small portion (8x2x1 mm) of trabecular muscle was dissected from the right ventricle of healthy dogs as described before (linuma and Kato, 1978a) . The preparation was mounted in a plexi-glass tissue bath perfused with Tris-buffered physiological solution gassed with 100% O 2 and kept at 37 ± 1°C. The pH remained at 7.38 throughout the study. The solution contained (in mM/liter): NaCl, 130; KC1, 6.0; MgCl 2) 1.2; glucose, 5.5; Tris, 5.0, and CaCl 2 , 0.4, 1.6, or 6.4.
The tissue was driven with a silver wire insulated to the tip at a cycle length of 1000 msec by cathodal basic stimuli 3 msec in duration and twice threshold strength. After an equilibration time of at least 120 minutes, a premature test stimulus (S2) of the same duration and strength was applied at a variable interval after every 10th to 15th basic stimulus (Si). A Grass S-88 stimulator or Nihon-Koden SEM-1101 was used for stimulation.
AP's (Ri and R 2 ) elicited by Si and S 2 were recorded with a 3 M KCl-filled microcapillary electrode (tip resistances, 8-20 MJ2) impaled a few millimeters from the stimulating electrode. A detailed description of methods for recording AP's has been published (Iinuma and Kato, 1978a) . Their rising velocity was determined by means of a resistance-capacitance differentiating circuit (time constant = 0.1 msec).
The following parameters were measured as shown in Figure 1 : APD, the interval from the onset of the rising phase to the 90% repolarization point; plateau duration (PD), the interval from the onset of the rising phase to the 30% repolarization point; plateau area (PA), the area of an AP above the 30% repolarization level; total area (TA); proximity (P), the interval from the 90% repolarization point of Ri to the time of test stimulus (S^.
Changes in PA 2 , PD 2 , and TA2, which occurred with a reduction of P, were determined and APA was calculated as (PA 2 -PAi)/PAi X 100 and APD as (PD 2 -PD,)/PDi X 100. The relationships between APA, APD, and P were compared at [Ca 2+ ] o of 0.4, 1.6, and 6.4 mM in 10 preparations and under the effect of verapamil (10 M) in six preparations. Differences were determined by paired t-test.
Ri
R2 
The Responses of Ca 1+ -Dependent AP's to Premature Stimulation
Experiments similar to those described above were performed in high K + (21 mM)-high Ca 2+ (6.4-10 mM) Tris buffer solutions. Small but steady responses (Ri) were elicited at a cycle length of 1000-2000 msec with basic stimuli of 5-10 msec in duration, 40-50 mA or 120-150 V in strength. Premature AP's (R 2 ) were evoked by test stimuli of the same duration and strength. The amplitude, duration, and maximum rate of rise of R 2 were compared with those of Ri.
Results

The effect of [Ca1
+ ] o on the Augmentation of the Plateau of the Premature AP
The premature AP had an increased PA and duration as compared with the basic response when P was less than 300 msec. Figure 2 shows the relationship between the change in the PA of the premature action potential (APA) and P. As P decreased from 300 msec, APA increased progressively and reached a maximum (APAm.,) at a P of 50 msec in the control solution ([Ca 2+ ] o -1.6 mM) (Fig. 2b) . Then, APA declined with a further decrease in P. A similar pattern of changes also was obtained in perfusates with a higher (6.4 mM) and lower (0.4 mM) [Ca 2+ ]o. However, APA reached its maximum value at different proximities ( Fig. 2, a  and c) . Figure 3 6.4, 1.6, and 0.4 mM, respectively. [Ca 2+ ] o = 0.4, 1.6, and 6.4 mM was 15.2 ± 9.0 (mean ± SEM), 28.1 ± 5.9, and 60.9 ± 10.9%, respectively. The relation between them was statistically significant, although not linear.
There was much the same relationship between APD and P. However, APD.,,,1 showed no significant increase as [Ca 2+ ] o was increased. Effects of [Ca 2+ ] o on total area of the premature AP were different from those on PA. In Figure 3 , its increment increased little on raising [Ca 2+ ] o from 0.4 to 6.4 mM. This probably resulted from progressive decrease in an increment of premature AP duration. A more illustrative result obtained from another preparation is shown in Figure 5 , where the premature AP had a shorter duration than the basic response in high Ca 2+ solution (Fig. 5a) . As a result of it, the increment of total area of the premature AP was smaller than at low [Ca 2+ ] o (Fig. 5b) , in spite of a greater increase in AP amplitude.
The Effect of Verapamil on the Premature AP Figure 6 illustrates the effect of verapamil on the premature AP. In the presence of verapamil (10~B M), the premature AP had a smaller PA and duration than the basic response. Although they increased gradually with a decrease of P, neither the area nor the duration of the premature AP exceeded that of the basic one throughout the experiment (Fig. 6b) . Thus, the increase in the plateau of the premature AP was suppressed in all six experiments with verapamil. Figure 7 shows a representative record from preparation placed in the high K + (21 mM) and high Ca 2+ (6.4 mM) solution. The resting membrane potential was decreased to -48 mV, and responses with decreased amplitude and duration were elicited at an interval of 1000 msec by basic stimuli (Si) of the greatest intensity available (150 V). The amplitude was no more than 29 mV and the duration was 60 msec at most, probably due to insufficient intensity of stimuli. Nevertheless, they were thought to be Ca 2+ -dependent AP's on the basis of responses to verapamil and isoproterenol. Both their amplitude and duration were depressed by verapamil (10 5 M), and were augmented by isoproterenol (10~* g/ml). Moreover, they had a lower rising velocity as shown in the high-speed record from another preparation (Fig. 8) .
In Figure 7 , responses greater than the basic AP's were evoked by premature test stimuli in all but the top trace. The amplitude and duration of these increased progressively with a decrease of the S1-S 2 interval until a premature response twice the size of a basic AP was recorded at the interval of 240 msec. With the earliest test stimulus, a much smaller response was elicited. It was noted also that two or three basic responses following a premature AP had a diminished amplitude and duration. An exception was found at the 660-msec interval, when the first response after the premature one was not suppressed but greatly augmented. Figure 8 shows a premature response recorded at high sweep velocity in another preparation. R2 elicited 300 msec after Si had an increased amplitude, duration, and rising velocity, compared with those of a basic response (Rj). Similar results were obtained in another seven experiments in which an increment in the premature response always increased progressively with decreasing coupling intervals although the range of the interval inducing an augmented response was divergent; its inner limit was 114 ± 11 and its outer limit, 557 ± 107 msec. The relation between the degree of augmentation and S1-S2 interval is shown in Figure 9 . At an interval of 180 msec, the amplitude and duration of the premature response increased to 61.5 ± 2.7 mV and 108.6 ± 16.3 msec, respectively (P < 0.01).
Discussion
The augmentation of the plateau of the premature AP has been observed in the ventricular muscle of some species of mnmTnnlB (Hoffman and Suckling, 1954; Gibbs and Johnson, 1961; Edmands et al., 1966; Miller et al., 1971; Bass, 1975; Cohen et al., 1976; Iinuma and Kato, 1978b ] o is associated with a greater increment in the plateau of the premature AP and that verapamil depresses the increase of the plateau of the premature AP. Verapamil has been known to inhibit the Ca 2+ inward current (Kohlhardt et al., 1972) , and recent works showed that the outward K + current was not decreased but was enhanced with an increase in the intracellular Ca 2+ concentration ([Ca 2+ ]i) (Bassingthwaighte et al., 1976; Isenberg, 1977) . These findings appear to support the notion that this increase may be due primarily to an enhancement of Ca 2+ influx. As shown in the present study, when the basic AP's are Ca 2+ -dependent, the premature response has much greater amplitude and duration than the basic one. Their increment increases progressively with a reduction in the coupling interval, just as that of the plateau of the premature AP at a normal [K + ] o (Fig. 2) . This analogy seems to constitute additional evidence of increased Ca 2+ influx in the premature response. Recently Hiraoka and Sano (1976) also reported that the slow inward current increased in premature response with a short coupling interval It is unlikely that the augmented premature response resulted from an imperceptible increase in intensity of S2, since no great responses were elicited by premature stimuli applied after long coupling intervals. Moreover, a basic stimulus following the preceding test stimulus with a very short interval caused an augmented response (Fig.  7) .
As for the mechanism causing an increase in Ca 2+ influx, Bass (1975) proposed the existence of a negative feedback loop controlling the inward Ca current by membrane Ca 2+ content. This hypothesis was advanced from his observation that an increment in total area of the premature response increased with a decrease of the [Ca 2+ ] o (Fig. 5) . As described above, however, the increment in a plateau area progressively increased as [Ca 2+ ] o was raised. Perhaps, this difference might result from the fact the increment in APD 2 decreased with an increase in [Ca 2+ ] o (Iinuma and Kato, 1974) , which was supposedly due to activated delayed rectification at high [Ca 2+ ] 0 (Bassingthwaighte et al., 1976) . If the late outward K + current was depressed at high [Ca 2+ ]o, as Eckert and Lux (1977) proposed, APD 2 would markedly increase in high Ca 2+ solutions, effecting a marked increment in the total area. Comparison of PA appears to be more reasonable where the Ca current is concerned, since the recent voltage clamp study on canine ventricular muscle revealed that the plateau of an AP is determined primarily by the inward Ca current (Beeler and Reuter, 1970) .
A recent study of a pacemaker neuron of the snail revealed that a slow inward current was facilitated with repetitive depolarization at short intervals (Heyer and Lux, 1976 ). Our present observation may suggest that a similar facilitation is likely to occur in mammalian heart muscle.
A few experiments (Gettes and Reuter, 1974; Trautwein et al., 1975; Kohlhardt et al., 1975 ) that reported slow recovery from inactivation of the slow inward current in mammalian ventricular muscle should be remembered, however. They are different from our study in that the holding potential was kept very high to inactivate the fast inward current. Moreover, one of them employed guinea pig ventricular muscle, in which an augmentation of the premature AP was not observed as in our additional study (unpublished data).
Aside from its unexplained mechanism, the above-mentioned increase in Ca 2+ influx during premature depolarization appears to facilitate postextrasystolic potentiation of contraction, because there was a linear relation between the increment of PD 2 and the potentiation of the succeeding contraction, as reported in a previous paper (Iinuma and Kato, 1978b) . The contraction elicited by premature stimulation was very weak. It is thought that Ca ions which enter into a cell across the membrane during the enhanced plateau of the premature AP may be immediately accumulated in intracellular Ca 2+ stores and be available for the succeeding contraction. [Ca 2+ ]i during the premature depolarization may be not so high as to inactivate delayed rectification as Eckert and Lux proposed. Moreover, supernormal conduction was observed with Ca 2+ -dependent action potentials (Iinuma et al., 1978) . This resulted from a supernormal response elicited by a premature stimulus applied at the most favorable interval. Detailed reports of this phenomenon will be made elsewhere later.
